The "in-situ" formation of very wide binaries is hard to explain as their physical separations are beyond the typical size of a collapsing cloud core (≈5000-10,000 au). Here we investigate the formation process of such systems. We compute population statistics such as the multiplicity fraction ( MF ), companion-star fraction ( CSF ) and physical separation distribution of companions in the β-Pictoris moving group (BPMG). We compare previous multiplicity studies in younger and older regions and show that the dynamic evolution of a young population with a high degree of primordial multiplicity can lead to a processed separation distribution, similar to the field population. The evolution of outer components is attributed to the dynamical unfolding of higher-order (triple) systems; a natural consequence of which is the formation of wide binaries. We find a strong preference for wide systems to contain three or more components (>1000 au: 11 / 14, 10,000 au: 6 / 7). We argue that the majority of wide binaries identified in young moving groups are primordial. Under the assumption that stellar populations, within our galaxy, have statistically similar primordial multiplicity, we can infer that the paucity of wide binaries in the field is the result of dynamical evolution.
INTRODUCTION
It is now accepted that a significant fraction of stars are born in binary or higher-order multiple systems (Duchêne & Kraus 2013; Reipurth et al. 2014) . However, the formation mechanism for multiple systems is still not very well understood. The complex interplay of many physical processes leads to observed distributions of multiple systems spanning many orders of magnitude (Raghavan et al. 2010; Tokovinin 2014b , with periods, P , spanning the 10 0 − 10 10 day range). In particular, the formation of very wide multiple systems (>10,000 au) is hard to explain with our current theory of star formation because companions have separations beyond the limit imposed by the original hydrostatic clump size (5000-10,000 au, Benson & Myers 1989; Motte et al. 1998; Pineda et al. 2011) . Therefore, in-situ formation seems extremely improbable, and either these systems are primordial but have migrated (Reipurth & Mikkola 2012) , or are non-primordial altogether (originating from different birth sites and after becoming gravitationally bound, Kouwenhoven et al. 2010) . To differentiate between the two scenarios we can derive statistical properties of populations and their pe210@exeter.ac.uk wide binaries, i.e. Tokovinin et al. (2006) ; Tokovinin (2015) , and compare these with theoretical predictions of different formation mechanisms.
In this work we use the multiplicity census of the Perseus region (Tobin et al. 2016) , the β-Pictoris moving group (hereafter, BPMG) and the field population (Raghavan et al. 2010; Tokovinin 2014a,b) to analyse the role of higher-order multiple systems in the formation of wide binaries and population multiplicity.
Due to the long periods of wide multiple systems ( 30,000 yr) detecting significant orbital motion is not possible on short (<100 yr) time-scales. In fact we cannot directly determine whether components are gravitationally bound. Therefore, components are usually identified as co-moving proper motion pairs, e.g., Caballero (2010) , but a high falsepositive rate limits the identification to nearby sources in uncrowded fields.
In recent work (Elliott et al. 2016) we identified 84 potential wide multiple systems in young nearby associations (Torres et al. 2006 (Torres et al. , 2008 Malo et al. 2014 ) using 2MASS photometry, proper motions and additional spectroscopic/photometric properties. The high number of identified wide binary systems prompted the analysis of their formation presented in this paper. Reipurth & Mikkola (2012) suggested the young moving groups to be ideal populations to identify wide binaries formed by the dynamical unfolding of triple systems, thanks to their age (≈10-100 Myr) and the distance travelled from their original birth site ( ∼5-10 pc), see Section 5. From our previous work (Elliott et al. 2016) we chose the BPMG in particular because of its optimal properties for wide binary analysis. The large average proper motions (µα = 50 mas/yr, µ δ = -75 mas/yr) allowed us to derive separation limits >20,000 au for a significant number (49) of systems. Due to its age (21-26 Myr, Barrado y Navascués et al. 1999; Torres et al. 2006; Binks & Jeffries 2014; Bell et al. 2015) and proximity (average distance 43 pc) many systems (38 / 49) have been imaged previously using high-contrast techniques, looking for low-mass companions. Additionally, almost all (42/49) systems have multi-epoch spectroscopy from works such as Malo et al. (2014) and Elliott et al. (2014) .
SAMPLE
Thus, the sample studied in this paper comprises 49 single and multiple stellar systems in the BPMG. See Table 1 for full references.
COMPANION DETECTIONS AND DETECTION PROBABILITIES
To study the abundance of multiple systems across a large parameter space in our sample we need both: detections of companions, and constrained parameter space for nondetections. We have combined radial velocity (RV) values, high contrast imaging and direct imaging / proper motion to estimate our detection probabilities. Detection limits from RV measurements were derived using multi-epoch observations following Tokovinin (2014a) . For high-contrast imaging we converted the angular separation versus contrast, to physical separation versus mass-ratio, using the target's distance and the evolutionary models of Baraffe et al. (2015) . We used the detection limits described in Elliott et al. (2016) ; combining 2MASS photometry (Cutri et al. 2003) and proper motions (UCAC4, PPMXL, NOMAD: Zacharias et al. 2012; Roeser et al. 2010; Zacharias et al. 2005) , for the widest parameter space ( 3 , 130 au). Figure 1 shows the average detection probabilities for our sample (contour map) in combination with the companion detections (star markers). Our observed multiplicity properties should not be significantly affected by our completeness, as discussed in the following section. Details of the targets and the multiple systems studied in this work can be found in Tables 1 and 2 , respectively.
DETECTION COMPLETENESS
We did not attempt to correct our statistics with our detection probabilities, however, below we justify why this should not significantly affect our results.
In this analysis before averaging the detection probabilities over the sample, as in Figure 1 , we first consider whether a companion is likely to inhabit the parameter space based on stability arguments. Tokovinin (2014b) showed that the region of instability (for triple and higher-order systems), based on the ratio of periods in the system is between certain 1  10  100  1000 10,000 100,000 Physical separation (au) Figure 1 . Average detection probabilities (contours from red, 100% to white, 0%) and detected companions (white stars) in the physical separation versus mass-ratio space for the 49 systems. The solid, dashed and dash-dotted lines encompass areas with detection probabilities ≥ 90%, 50% and 10%, respectively. values (4.7 < PL/PS < 47). We use the mid-value (26) of this criterion to mask regions of detection probability space using previously identified companions in the system. For example, if a system has a companion with a period of 100 day then we mask the region 4-2600 day. Masking in this case means setting a detection probability of 1. This is because we use these probabilities to predict where the missing companions would be and we have indirectly probed this space with our stability arguments. We repeated this for all objects to create a new set of detection probability arrays. We then averaged these detection probabilities over the mass-ratio in each period bin because there is no significant evidence that the mass-ratio is a function of period (Reggiani & Meyer 2013; Tokovinin 2014b) . Figure 2 shows our results based on the period distribution of systems in our sample. We used kernel density estimations (KDEs) to perform this analysis which reduces the phase effect when binning data, see Scott (2009) for details.
The grey dotted and dash-dotted lines are the median detection probabilities with and without dynamical constraints, respectively. This Figure shows that although we are very insensitive in regions ≈4 day, due to identified companions in the systems, the likely number of missing companions is not very significant. The red dashed line and blue line are the KDEs of the raw sample and the corrected sample (KDE / detection probability), respectively. We then integrated these curves to calculate the quantitative difference in CSF values. The difference was ≈15% i.e. the derived CSF value derived in this work is most likely ≈1.17 as opposed to 1.02. This increase would not significantly affect any conclusions presented in this work, in fact this value would put our results in even better agreement with the Class 0 CSF value from Tobin et al. (2016) , see Section 6.1 for details. Table to Table 2 , this avoids any confusion for targets with multiple unresolved components. . Kernel density estimations for the period versus companion-star fraction. The dashed and dash-dotted grey lines represent median detection probabilities (averaged over massratio) with and without dynamical stability considerations, respectively. The red dashed line is the raw sample analysed in the body of this work and the blue line is the detection-probability corrected distribution.
DEFINING WIDE MULTIPLE SYSTEMS IN THE YOUNG MOVING GROUPS
Wide components are usually identified from the galactic motion (the quantity used, at least in initial identification, is proper motion) they share with their associated primary. With the proper motion, radial velocity and either a photometric or kinematic distance, the 3D kinematics can be derived. However, young moving group members are also classified on this basis, i.e. looking for collections of objects sharing the same galactic motion. Therefore we need to clarify what is a component in a multiple system and what is another moving group member.
To investigate this we looked at the different scales of physical clustering within the BPMG. We cannot use projected separations from spatial positions for this analysis as the proximity of the stars means the group has significant depth (in galactic co-ordinates: X≈160, Y≈100, Z≈45 pc). We can, however, use the derived photometric distances to known members and perform queries in a 3D spatial volume. This is similar to the analysis presented in Larson (1995) where the authors identified a break in the density of objects as a function of angular separation in Taurus (58 , ≈8000 au). However, as the depth of Taurus is significantly lower (≈20 pc) an angular query was sufficient, assuming a fixed distance to all sources.
For our analysis we queried a 30 pc volume around each bona-fide member of the BPMG using the derived X, Y and Z galactic positions. We calculated the magnitude of the distance difference (X1 − X2) 2 + (Y1 − Y2) 2 + (Z1 − Z2) 2 between the considered bona-fide member and any other member in this volume. For wide components that share statistically similar radial velocities and proper motions and without X, Y and Z values, the distance magnitude is computed from the angular separation of the components and the distance to the bona-fide member. We collected all of these distance magnitudes together and analysed the resul- tant distribution, shown in Figure 3 . Note that the sum of separation bins (≈900) is much larger than the input sample (70) because there is a lot of overlapping parameter space from query to query (for example if all 70 objects had 10 other members within the 30 pc volume this would result in a sum of 700 objects in the distribution).
In Figure 3 we see that there are two components in the distribution. We also show the 100,000 au limit (≈0.5 pc), the widest companions we are sensitive to from the limits derived in Elliott et al. (2016) . We do not attempt to fit any power-laws to the components observed in the right panel of Figure 3 as in Larson (1995) . The BPMG sample is far from complete and there are likely still many lower-mass members to be identified (similar to the Tuc-Hor moving group, see Kraus et al. 2014 ). Additionally our detection limit of 100,000 au means at this point we are no longer sensitive to identifying wide companions and therefore any analysis of the resultant distribution is problematic.
We use Figure 3 to demonstrate that there are at least two different spatial scales (breaking at ≈1-5 pc), demonstrated clearly in the right panel. This break in the typical spatial density of members in BPMG is evidence that the population of identified wide companions (100,000 au and smaller) is not just a continuation of clustering down to smaller scales. These wide companions form a distinct population, their separation distribution is a result of a different physical process.
RESULTS
In the following section we present analysis using the multiplicity fraction (MF) defined by
and the companion-star fraction (CSF), defined by CSF = B + 2T + 3Qu + 4Qi + 5Se...
where S, B, T, Qu, Qi, Se represent the number of single, binary, triple, quadruple, quintuple and sextuple systems, respectively. Additionally we use the physical separation (a proxy for the semi-major axis) versus CSF which allows us to investigate the dynamical evolution of multiple systems. 
Linking multiplicity: young -old populations
The MF and CSF of the BPMG, shown in row four of Table 3, are incompatible with that of the older field population, at > 5σ level. In contrast, our derived quantities are compatible with those of extremely young Class 0 sources from the work of Chen et al. (2013) (a ≈50-5000 au) and Tobin et al. (2016) (a ≈15-10,000 au). However, we are sensitive to a much wider range of physical separations. Therefore, the apparent conservation of the MF and CSF values between these regions can be interpreted as an evolution of the separation distribution. Assuming all considered regions have statistically similar primordial multiple system populations (Kroupa 2011), we investigate if significant dynamical evolution from Class 0 (Perseus), to Class I/II/III (Taurus), to Class III (BPMG), to main sequence (the field) populations can explain the derived quantities. The top panel of Figure 4 shows the CSF as a function of physical separation for Class 0 objects in Perseus (Tobin et al. 2016 ). We chose the Tobin et al. (2016) sample as our main comparison to Class 0 sources as opposed to Chen et al. (2013) because of its completeness and focus on one specific region, the Perseus region. The main limitation of the observations of Perseus is the angular resolution (0. 065, ≈15 au, grey line). However, we would not expect to find components smaller than this separation due to the opacity limit, where the compression becomes approximately adiabatic, of the initial cores (≈5 au, Larson 1969) . If components have undergone significant dynamical evolution at this stage already (as suggested by Reipurth et al. 2010) and are brought within this limit they would most likely have merged. Additionally systems with separations greater than ∼5,000-10,000 au at these young ages, are unlikely primordial (originating from different birth sites). We cannot assess whether components are gravitationally bound however, as in Tobin et al. (2016) , we treat all identified components within 10,000 au as bound systems. The second panel shows the distribution for the Taurus region (3-5000 au). We see that there is a wealth of systems with separations <10 au and the overall number of multiple systems is still very high.
For ure 4) we assume all wide systems are primordial. There is another mechanism to produce wide (non-primordial) systems (Kouwenhoven et al. 2010) , which is discussed in Section 8. At the same time as there being a wealth of systems with separations <10 au in our sample there are also many objects with large separations (1000-100,000 au). This stretching of the initial separation distribution to both smaller separations and larger separations implies intense dynamical evolution.
The role of unfolding higher-order systems
Reipurth & Mikkola (2012) described a potential physical mechanism for the formation of wide and very wide binaries (≥1,000 au); through the dynamical unfolding of primordial triple systems. The mechanism predicts:
• A preference for wide binaries to be in triple systems • These systems will have high (>0.9) eccentricities.
• The majority of wide components will be low-mass (these systems are likely unstable and therefore their lifetime is <100 Myr)
We note that although there should be a preference for wide binary systems to be in triple systems we would not expect to find all systems in this configuration due to previous mergers. Additionally that we cannot assess the eccentricity of the wide components. This problem is discussed in more detail in Section 8.
Higher-order multiplicity in wide systems?
We found that for systems with companions >1000 au and >10,000 au, 11 / 14 (0.79 +0.07 −0.14 ) and 6 / 7 (0.86 +0.05 −0.21 ) were part of triple or higher-order systems, respectively. In contrast, for systems with no components >1000 au we found 4 / 19 (0.21 +0.12 −0.06 ) systems were higher-order systems. The fraction of higher-order multiple systems is clearly a function of the physical separation.
Additionally we looked at the separations of the inner components of the 11 systems (8 triples, 3 quadruples, i.e. 14 inner components) with companions >1000 au. Of these 14, 11 had separations smaller than the inner peak identified of the separation distribution found in the Perseus region by Tobin et al. (2016) . Again, this supports the theory of migration via the interaction of multiple components.
Although there is no evidence for higher-order multiplicity amongst the 3 binary systems (BPC 36, 42, 65 ) that have components >1000 au, that does not necessarily negate the possibility, as few of the components have been observed with AO-imaging and have multi-epoch radial velocity data, see Table 1 .
Masses and mass-ratios
We studied the mass distribution within the 10 higher-order multiple systems with wide components. For the triple systems we compared the mass-ratios of the inner binaries and outer components. In the case of the quadruple systems we compared the mass-ratios of each sub-system and each component with that of the primary. In neither case we found a significant relationship between the system configuration and absolute mass nor the mass-ratio. Our derived massratio distribution was statistically similar to a power-law with γ = 0 i.e. a flat distribution in the range 0.1-1.0.
Disruption of higher-order systems
In the framework of Reipurth & Mikkola (2012) we estimated the survival rate of the identified triple systems, given their mass distribution.
Similar to Figure 3 of Reipurth & Mikkola (2012) we compared the mass sum of the inner binary (Ma +M b ) to the mass of the outer companion (Mc) for wide triple systems. We show our results in Figure 5 : star markers are BPMG triple systems with at least one companion >1000 au, grey dots are field stars (Tokovinin 2014b ) meeting the same criterion. Firstly we see that all BPMG systems are in the dominant binary (red shaded area) regime. Secondly, we see that 5 / 8 of these systems occupy a parameter space mostly uninhabited by very wide field systems. Reipurth & Mikkola (2012) show that most systems in this parameter space are unstable and are disrupted between the ages of 10-100 Myr. Therefore, our results imply that the majority of wide triple systems in the BPMG are in the process of disintegrating/decaying without external influence.
To investigate if the disruption of higher-order multiple systems in our sample could "bridge-the-gap" between young populations rich in multiplicity and the older processed field population we artificially disrupted our higher-order multiple systems at two physical separation limits (1000 au and 10,000 au) 1 . The first limit is a somewhat arbitrary definition of a wide binary, the second is an approximation for the size of a hydrostatic clump. We then calculated the MF and CSF, considering systems with components wider than these limits as separate systems. The results are shown in Table 3 . Considering the limit at 10,000 au, the MF and CSF values are within 2 σ and 1 σ, respectively, of the field population (higher in value). For the limit at 1000 au both the MF and CSF values are within 1σ ( the CSF now lower in value). In the same line, the MF and CSF values of Taurus are compatible with the disruption of systems at 10,000 au in the BPMG sample. This suggests that the majority of primordial systems with separations somewhere between 1000-10,000 au and beyond have been destroyed or decayed in older populations.
We also compared the CSF, as a function of physical separation distribution, for: the original BPMG sample, the BPMG sample disrupted at 1000 au and 10,000 au and the field. The results are shown in Figure 6 . We split our samples at the mean of the field distribution (≈50 au) and compared the different populations. We would expect the distribution of inner separations to be very similar already at the age of the BPMG, as demonstrated in Elliott et al. (2014 Elliott et al. ( , 2015 . In the left panel of Figure 6 we show that the distributions are indeed very similar. The apparent difference at ≈0.3 au is most likely an artefact of the assignment of physical separation values to spectroscopic systems currently without orbital solutions.
We can reject the null hypothesis when comparing the field with the original BPMG sample (p-value 0.028, second panel of Figure 6 ) for separations >50 au, i.e. these distributions are not likely to be realisations of the same parent distribution. However, if we compare the BPMG sample disrupted at 1000 and 10,000 au (3 rd and 4 th panel of Figure 6 ) Raghavan et al. (2010) .
to the field, we calculate p-values of 0.860 and 0.485, respectively (non rejection). The recent work of Parker & Meyer (2014) suggested that the primordial binary population is similar to the population we observe today and has undergone little dynamical processing. Along with many previous works, Parker & Meyer (2014) have focussed on binaries as opposed to higher-order multiple systems. However, our results indicate that the disruption of primordial higher-order systems significantly shapes older, more processed populations, such as the field. We outline a simple model for the contribution of unfolding triple systems to the separation distribution in a population in Section 7.
A MODEL FOR THE DYNAMICAL EVOLUTION OF TRIPLE SYSTEMS
Below we collect together the physical mechanisms discussed in the previous sections, along with additional physics, to briefly outline the separation evolution of higher-order (in this case, specifically triple) systems in a population. Our simplified model is shown in Figure 7 in 3 stages.
Stage I: We approximate the initial distribution of separations within clumps using the identified bimodal distribution of Tobin et al. (2016) (peaks; 75 and 3000 au) . These peaks have been attributed with typical scales for disc (∼100 au, Zhu et al. 2012 ) and core (∼1000 au, Offner et al. 2010) fragmentation. No multiple systems can inhabit the hatched region for separations <10 au due to the size of the first Larson core (a pressure supported fragment) (≈5 au, Larson 1969) . The second hatched region beyond ≈5000-10,000 au represents the initial size of the hydrostatic clump (Benson & Myers 1989; Motte et al. 1998; Pineda et al. 2011) , i.e. by definition a primordial multiple system at this stage cannot have components beyond this separation.
Stage II: The inner peak both broadens and shifts to closer separations through the exchange of angular momentum with the outer component (components are now in a hierarchical configuration, although potentially unstable, as Reipurth & Mikkola 2012) . This is supported by the conservation of the MF and CSF quantities in larger separation ranges for Class 0 sources (15-10,000 au, Tobin et al. 2016) , Class I/II/III sources (3-5000 au, Kraus et al. 2011) and Class III sources (≈0.01-100,000 au, this work). Additional Figure 7 . A simplified model of the dynamical evolution of separations within a population of primordial triple systems. Regions of interest are annotated and processes are described in detail in the text (Section 7). migration to closer separations can also occur through gas-induced orbital decay (Korntreff et al. 2012; Bate 2012) . Concurrently, through angular momentum exchanges, the outer components move to wider separations. These wide components (red shaded area) are weakly bound, and some will be in the process of decaying (so-called unfolding: Reipurth & Mikkola 2012) without any external influence. Others may be dynamically disrupted / destroyed by external dynamics i.e. stellar encounters within a cluster. Our analysis in Section 6.3 indicates that most systems are in the process of decaying without external influence. However, as this process is still taking place at the age of the BPMG, there is still a significant population of wide systems.
Stage III: In loose low-density environments, such as the BPMG, the resultant distribution is double peaked. The inner peak is at a smaller separation than the original 75 au (≈4 au for the higher-order multiple systems in our sample). The outer peak (≈8000 au in our sample) is smaller as some components have unfolded and decayed completely, reducing the number of triples. However, a significant population still remains, due to the lack of external dynamical perturbations. We have highlighted the region (gold shaded area) where non-primordial wide multiple systems can be formed during the cluster dissolution phase (Kouwenhoven et al. 2010 , discussed in Section 8). In the case of higher-density and older (≈100 Myr) environments, the secondary peak is mostly destroyed and the contribution of primordial triple systems to the overall distribution is small/negligible.
DISCUSSION AND LIMITATIONS
We have shown that the dynamical evolution of primordial higher-order multiple systems can reconcile the multiplicity properties of Perseus, Taurus, BPMG and the field. Below we discuss the current limitations and prospects.
The mechanism of Kouwenhoven et al. (2010) is a potential route to produce wide, non-primordial binaries in the cluster dissolution phase. However, this mechanism predicts only one or two wide binaries (>1000 au) in a population of the size studied here, compared to the 14 identified. Additionally we have shown how the decay of primordial higherorder systems can "bridge-the-gap" between young and old populations. We do not claim the mechanism of Kouwenhoven et al. (2010) is ineffective, rather that it is not the dominant mechanism in our sample. However, one also has to consider that binary formation and destruction is very stochastic. N-body simulations of clusters with very similar initial conditions can produce resultant distributions with different forms (Parker & Goodwin 2012) . Therefore, we must conduct similar analysis on other nearby young moving groups in order to see if those populations also have similar multiplicity properties to the BPMG.
A parameter that would help to determine the formation mechanism of wide multiple systems is their eccentricity (e). A natural consequence of the Reipurth & Mikkola (2012) mechanism is a distribution peaked at high eccentricities. Whereas the mechanism of Kouwenhoven et al. (2010) predicts a flatter eccentricity distribution, see their Figure 10 . Tokovinin & Kiyaeva (2016) recently showed that wide binaries in the field do not have a thermal eccentricity distribution and therefore are unlikely products of either formation scenario. Given the predicted periods of very wide systems ( Myr) determining their eccentricities is extremely challenging. However, the gaia mission (Lindegren et al. 2008 ) will provide extremely accurate astrometry (7-25 µas) that can help. Face-on multiple systems of total mass 1 M , at 40 pc, and with 20,000 au separation, will have detectable movement at 3σ level using gaia astrometry within 1 yr.
The work of Reipurth & Mikkola (2012) used only three bodies within the original clump to study the formation of wide binaries. However, the initial multiplicity is likely to be a spectrum, which indeed is observed in young regions (Chen et al. 2013 , Tobin et al. 2016 where clumps contain up to six components. Higher-order systems would be responsible for an even more chaotic start for components within the clump, likely resulting in more ejections. Further studies of nearby young regions with instruments such as ALMA and the VLA will provide further insight into the initial distributions of hydrostatic cores. These can then be used as realistic starting points of N-body simulations and evolved into older dynamically processed populations.
CONCLUSIONS
• Similar CSF values between the very young sources of Perseus and the BPMG can be explained by dynamical evolution of the separation distribution of multiple systems.
• The high fraction of wide (>1000 au, 11 / 14) and very wide (>10,000 au, 6 / 7) systems in higher-order configurations supports the mechanism of Reipurth & Mikkola (2012) .
• There is no significant mass-ratio trend among inner and outer components in wide higher-order systems.
• The separation distribution of the field and the BPMG (for separations >50 au) are not realisations of the same parent distribution (p-value 0.03).
• The decay of primordial higher-order (triple and higherorder) systems can link multiplicity in young regions to dynamically processed populations such as the field, in opposition to the more static framework of Parker & Meyer (2014) .
• The abundance and configuration of the wide systems in the BPMG favours the Reipurth & Mikkola (2012) mechanism over that of Kouwenhoven et al. (2010) .
